ABSTRACT Many species of the ubiquitous pennate diatom genus Pseudo-nitzschia have recently been discovered to produce domoic acid, a potent neurotoxin which causes Amnesic Shellfish Poisoning (ASP). Pseudo-nitzschia spp. were extremely abundant (up to 108 cells 1-'; present in 67% of 2195 samples) from 1990 to 1994 on the Louisiana and Texas. USA, continental shelves and moderately abundant (up to 10' cells I-'; present in 18% of 192 samples) over oyster beds in the Terrebonne Bay estuary in Louisiana in 1993 and 1994. On the shelf there was a strong seasonal cycle with maxima every spring for 5 yr and sometimes in the fall, which were probably related to river flow, water column stability, and nutrient availability. In contrast, in the estuary there was no apparent seasonal cycle in abundance, but the time series of data is relatively short and the environment highly variable. At one site on the shelf, where sediment traps were deployed from spring to fall and sampled at frequent intervals in both 1990 and 1991, approximately 50% of the Pseudo-njtzschja spp. cells present in the water sank lnto sediment traps Pseudo-njtzschia spp. were also abundant In surficlal sediments. The species of Pseudo-nitzschla present during this study were not routinely identified with the methods employed. However, toxin-producing P multiserjes has been ident.ified previously from Galveston Bay, Texas, and cells from a bloom on the shelf in June 1993 were identified by scannlng electron microscopy as P. pseudodel~cat~ss~ma, whlch is sometimes toxic. Although there have been no known outbreaks of ASP in this area, hlstoncal data suggests that Pseudo-nltzschia spp. abundance may have Increased on the shelf since the 1950s It is hypothesized that the increase is due to doubling of the nutrlent loading from the Mississippi and Atchafalaya rivers and increased eutrophicat~on on the shelf.
INTRODUCTION
A group of common coastal diatoms from the genus Pseudo-nitzschia have recently been found to contain a potent neurotoxin, domoic acid (summarized in Villac et al. 1993b) . A wide range of organisms, such as mussels, oysters, razor clams, anchovies, smelt, Dungeness crabs or rock crabs, concentrate domoic acid in their stomach contents and/or body tissue by direct or indirect consumption of Pseudo-nitzschia spp. (Buck et al. 1992 , Fritz et al. 1992 , Drum et al. 1993 , Garrison & Walz 1993 , Langlois et al. 1993 , Roelke 1993 , Work et al. 1993 , Wood et al. 1994 . From these organisms it can b e passed on to higher trophic levels such as humans or marine birds (Villac et al. 1993b) .
The toxicity of Pseudo-nitzschia rnultiseries (formerly Nitzschia pungens var. rnultiseries, Hasle 1995) was first demonstrated when 107 people became ill and 3 died from eating mussels cultured on Prince Edward Island, Canada (Bates et al. 1989 , Todd 1993 . Since one of the characteristic syn~ptoms is permanent short-term memory loss, the syndrome has been called 0 
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Resale of full article not permitted Amnesic Shellfish Poisoning (ASP). Subsequently, seabird deaths off the coast of California (USA) in 1991 and human illness after consuming razor clams in Washington State (USA) were related to the occurrence of high numbers of Pseudo-nitzschia australis (Buck et al. 1992 , Fritz et al. 1992 , Horner & Poste1 1993 , Work et al. 1993 . Several other species of Pseudo-nitzschia produce domoic acid, but not all species nor all clones of sometimes toxic species produce it (Fryxell et al. 1990 , 1991 , Martin et al. 1990 , Villac et al. 1993a , b, Lundholm et al. 1994 ) and production may be dependent on environmental conditions (Bates et al. 1991 , Bates & Douglas 1993 , Lewis et al. 1993 , Smith et al. 1993 . Pan et al. 1996a . Thus, the widespread occurrence of potentially toxic Pseudonitzschia spp. poses a significant potential human health problem and it is essential to determine the distribution of Pseudo-nitzschia spp. and the environmental factors which control them in order to predict toxic outbreaks.
During routine sampling for other purposes it was observed that Pseudo-nitzschia spp. were abundant in the water column, sediment traps, and surficial sediments on the Louisiana (USA) continental shelf in an area influenced by the Mississippi River . Sampling on the Louisiana and Texas shelf was continued, so that there is now a 5 yr time series of data. Because toxic forms of Pseudo-nitzschia were also identified in Galveston Bay (Fryxell et al. 1990 (Fryxell et al. , 1991 , additional sampling was begun at 3 estuarine locations wlth extensive oyster beds, for which there are now approximately 1.5 yr of data.
Harmful algal blooms (HABs) have become a major problem in the coastal waters of many countries, with serious economic and human health consequences. A major need is to 'determine and parameterize the environmental factors that govern the initiation, growth, maintenance, dissipation and impact of HABs' (Anonymous 1995, p. 4 ) , but this has been difficult due to the sporadic and ephemeral nature of their occurrence. stations at which Pseudo-n~tzschia spp. abundance >106 cells 1.'
Clearly, Pseudo-nitzschia spp, are abundant in the northern Gulf of Mexico and, as a result of the influence of the Mississippi River and the proximity of the oligotrophic Gulf of Mexico, Louisiana and Texas coastal waters experience extreme ranges of all environmental variables. Surface salinities can vary from 0 to >36% within relatively short distances, horizontally. Vertically, salinity differences are also often quite large, so that except in very shallow areas, in the winter, or in areas distant from the Mississippi River the region is also characterized by an extremely stable water colun~n. Dissolved inorganic nitrogen (DIN) and silicate concentrations often exceed 100 11M in or near the mouth of the Mississippi River, but drop to low, and sometimes undetectable, concentrations within short distances (<l00 km). Due to the wide range of environmental conditions and frequent occurrence of Pseudonitzschia spp., this is an ideal area for examining the relationship between abundance and environmental factors. This report describes the spatial and temporal variability of Pseudo-nitzschia spp, abundance and the temporal variability of Pseudo-nitzschia spp. vertical flux into sediment traps and abundance in surficial sediments, and begins to examine the environmental factors which influence Pseudo-nitzschia spp. distributions.
METHODS
Field sampling. Cruises were conducted along the Louisiana/Texas, USA, shelf from 1990 to 1994 (Fig. l ) , as outlined in Table 1 . Eight cruises, spanning 3 seasons, focused solely on the Mississippi River plume (MR plume, Table 1 ) and only a few samples were taken west of the Atchafalaya River. Six cruises traversed the Louisiana shelf between Southwest Pass of the Mississippi River and the Louisiana/Texas border (LA shelf); all but 1 cruise was in the middle of summer. Four cruises covered the western half of the Louisiana shelf (from slightly east of the Atchafalaya river) and approximately half of the Texas shelf (LA/TEX shelf), focusing on the extended plumes of the Mississippi and Atchafalaya Rivers and the coastal current. Finally, from 1990 to 1994, a n offshore transect through a n area of persistent bottom water hypoxia (Hypoxia transect; Rabalais et al. 1991 Rabalais et al. , 1992 Rabalais et al. , 1994 was made approximately monthly. In 1990 and 1991 samples were taken at 5 stations, including a station with an instrument and sediment trap mooring (see below), and from 1992 to 1994 samples were taken only at the station with the mooring. Sampling was conducted at the mooring locat~on whenever possible on other cruises or when servicing the mooring, so data from this location represent the most detailed time series. Water samples were Prior et al. (1987) , were deployed on a mooring with other instruments , Qureshi 1995 at a station in 20 m water depth in the center of a region where bottom water hypoxia is often observed in the summer (Fig. 1) . Sediment trap data were analyzed only for 1990 and 1991. One trap was mounted at 5 or 7 m (depending on the year), above the usual location of the pycnocline (approx. 10 m), and the other was mounted in the lower water column where hypoxia develops in the summer (at 15 or 16 m, depending on the year). Weather permitting, the traps were serviced by divers at time intervals ranging from 1 to 3 wk. In 1990 the traps contained brine (45%0) and in 1991 they contained brine and 2.0 % glutaraldehyde. Surficial sediments and overlying water were obtained from syringe cores taken either by divers or from box cores with overlying water still present.
Sampling in the Terrebonne Bay estuary over 3 oyster beds (Fig. 1 ) was conducted weekly from January 28, 1993 28, until December 29, 1994 , with a hiatus from April 1, 1993 to August 26, 1993. The waters were quite shallow (0.3 to 1 m) and generally well mixed, so that only 1 sample was taken on each date at each site using a hand-operated peristaltic pump with the intake located just above the oyster bed. Salinity was measured with a Reichert refractometer.
Phytoplankton identification and enumeration. Phytoplankton in the water were preserved in 0.5 % glutaraldehyde and refrigerated for 1 to 24 h. The samples were size-fractionated by filtration onto 0.2, 3, and 8 pm polycarbonate filters, with 0.03 % proflavine hemisulfate used to stain the latter 2 fractions, and then the filters were mounted in immersion oil (Murphy & Haugen 1985 , Shapiro et al. 1989 ). The 0.2 to 3 pm fraction was counted immediately on board, ship, the 3 to 8 pm fraction was counted immediately if possible or otherwise refrigerated and counted within several days of returning. The slide with the > 8 pm fraction was frozen and counted later. All samples were counted using an Olympus BH2-RFCA epifluorescence microscope (EFM) with blue and green excitation light, and, when necessary, transmitted light. The phytoplankton were identified to the nearest possible taxon. As described in detail by Buck et al. (1992) , the EFM is not usually used for enumerating the entire size range of phytoplankton, but diatoms can certainly be identified to the genus and often species level. In this case the genus Pseudo-nitzschia was readily identified, but not the individual species, which usually require scanning electron microscopy (SEM) .
Sediment trap material was split up to 5 or 6 times in a small Folsom Plankton Splitter immediately after collection. One of the splits was preserved with 2 . 5 % glutaraldehyde and stored in a refrigerator. Samples were later split between 1 and 11 more times, depending on the amount of material present. Slides were made on an aliquot of the last split and counted in exactly the same manner as for the water column phytoplankton, except that in 1991 live and dead cells were distinguished on the basis of cell contents which were stained with proflavine. Chains of Pseudonitzschia were readily distinguished, but single cells were more problematic. The counts reported include only those single cells which were likely to be Pseudonitzschia and may be a n underestimate.
The top 1 cm of water and the top 2 mm of sediment were removed from syringe cores using a core extruder. The sample was diluted to 20 m1 in filtered seawater, made up to 2.5% glutaraldehyde, and stored in the refrigerator. The samples were split in a Folsom Plankton Splitter and slides were made and counted in the same manner as the sediment trap samples. Because short-term sedimentation rates are seasonally extremely variable (B. M. McKee unpubl. data), the time over which the top 2 mm was deposited is unknown and it is not possible to calculate flux to the sediment. The surficial sediment data are reported as cells area-' and cannot be compared directly with fluxes into the sediment traps except when the data are expressed as % abundance.
Samples were collected for species identification during a Pseudo-nitzschia bloom in June 1993. Preserved samples were centrifuged, the frustules cleaned using nitric acid in a boiling water bath, and identified using SEM.
Statistics. Normality of the data was determined based on a consensus of results from normal probability plots, frequency histograms, measures of skewness and kurtosis, chi-squared tests, and the Kolmogorov-Smirnov l-sample tests. Pseudo-njtzschia spp. abundance data were often not normally distributed and sometimes could not be transformed to fit a normal distribution, due to the number of samples in which no Pseudo-nitzschia spp. were present (approx. 30% overall). Several approaches were taken in order to report results and comparisons in a statistically appropriate manner when the data were not normally distributed. Medians are reported as well as means and standard deviations (e.g. see Tables 3 & 4) . Nonparametric tests were used when necessary, as indicated in the text. Results were considered significant when p < 0.05. Significant figures are reported according to Sokal & Rohlf (1969) .
RESULTS

Abundance and taxonomy
Pseudo-nitzschia spp. were observed, at some time, everywhere on the Louisiana/Texas shelf ( Fig. 1) . The maximum concentration exceeded 10' cells 1-' (Table 2) , and concentrations >106 cells 1-' were not unusual (7.2 % of samples). Pseudo-nitzschia spp. were present, at some level, in almost 7 0 % of samples collected on the shelf. They made up a large fraction (16%) of the diatoms (Table 2) , which were the dominant group in terms of biomass (Dortch 1994) Pseudo-nitzschia spp. were present, but much less abundant, in the Terrebonne Bay estuary. The maximum cell concentration was 3 orders of magnitude lower in the estuary in comparison with the shelf (Table 2) . While Pseudo-nitzschia spp. cells were present in 18% of samples, their abundance relative to other diatoms was low ( < l % ) . However, the period of study was much shorter in the estuary than on the shelf, so that the full range of variation in the estuary is not known.
Much of the sampling on the shelf was conducted before the importance of Pseudo-nitzschia was widely known. Thus, no systematic effort was made to identify Pseudo-nitzschia to the species level. However, surface samples from a bloom at the mooring site on May 23, 1993 (7.85 X 106 cells I-') were digested to remove organic matter, leaving cleaned frustules, and examined by SEM. The species was identified as Pseudonitzschia pseudodelicatissin~a (Fig. 2 ).
Temporal and spatial variation on the shelf
The best temporal coverage was at the mooring site, which was sampled approximately monthly at 4 depths for 5 yr (Fig. 3, Table 3 ). Despite considerable variability (Fig. 3) , there were significant differences in Pseudo-nitzschia spp. abundance between the seasons both in the upper and lower layel-s (Kruskal-Wallis test). The only seasons for which the Pseudo-nitzschla spp. abundances are not significantly different from each other (Mann-Whitney U-test) are winter-fall in the upper layer and winter-spring and winter-fall in the lower layer, probably because there are so few data in winter (Table 3) . Thus, the annual maximum in Pseudonitzschia spp, abundance occurred in spring, a minimum was observed in summer and a second peak occurred in the fall (Table 3) . Composite surface maps indicate that the seasonal difference in abundance was apparent across the entire Louisiana/Texas shelf (Fig. 1) . The greatest likelihood of encountering high numbers of Pseudo-nitzschia spp. (> 106 cells 1-l) was in the spring when it was present most often in surface samples (Fig 1A) . High concentrations were observed less often in the summer/fall months and they were not present in as many samples (Fig. 1B) . The % abundance of Pseudo-nitzschia spp. relative to total diatoms was greatest in spring and fall (Table 3 ). The fall maximum in % abundance occurred because total diatoms decreased but Pseudo-nitzschia spp. did not.
Composite surface maps also show that Pseudonitzschia spp. were widely distributed throughout the Louisiana/Texas coastal zone (Fig. 1) . High cell concentrations appeared to occur in the areas dlrectly influenced by the Mississippi and Atchafalaya rivers and were not found farther to the south along the Texas coast, but this may have been a result of de- creased sampling density. For any given cruise, the cated by the significantly different median % abundistribution of Pseudo-nitzschia spp. was quite patchy, dance in the water column and traps (Mann-Whitney with little similarity between cruises even in the same U-test). Although the % abundance was lower in surfiseasons (data not shown).
cial sediments than traps, the difference was only sigPseudo-nitzschia spp. were often abundant in botnificant in 1991 (Student's t-test). tom waters. In fact, the highest concentration observed
It is possible to distinguish between apparently dead (Table 2 ) was in a near-shore bottom sample (10.5 m) cells, lacking contents, and living cells, with stainable on April 12, 1994. In these shallow, turbid shelf waters, contents, using epifluorescence microscopy. By these the euphotic zone is often < 5 m, although it is poscriteria approximately 90% of the Pseudo-nitzschia sible for it to be as deep as 20 m (R. E . Turner pers.
spp. cells in the traps in 1991 were dead (Table 4) . comm.). At those stations with Pseudo-nitzschia spp. in Moreover, most of the Pseudo-nitzschia spp. cells in both the upper and lower layers, the concentrations in the lower layer were positively and significantly related to the concentrations in the surface layer. Thus, it seems likely that such high numbers are usually due to sinking rather than in situ growth.
Vertical flux of Pseudo-nitzschia spp. on the shelf
Pseudo-nitzschia spp. often comprised a large portion of the diatoms which were counted in sediment trap material at both depths and in surficial sediments in 1990 Table 3 . Pseudo-nitzschla spp. Seasonal variation in abundance (cells I-') and % abundance [number of Pseudo-nitzschia (number of diatoms).' X 100) in the water at the moonng s~t e . n . number of samples. Seasons based on changes in water column structure and frequency of mixing events See Fig. 3 . trap material were not in their characteristic chains in either 1990 or 1991 (Table 41 , but occurred as single cells, which were difficult to identify, so that these counts may underestimate the vertical flux of Pseudonitzschia spp. There was a significant and linear relationship between the % living cells and the % cells in chains in 1991, suggesting that the chain structure is lost when the cells die.
The maximum flux was observed in the spring and fall in both 1990 and 1991 (Fig. 4A) , indicating a seasonal pattern quite similar to that of Pseudo-nitzschia spp. abundance in the water (Fig. 3) . Consequently, there is a significant, linear relationship between Pseudo-nitzschia spp. flux and Pseudo-nitzschia spp. concentration in the appropriate water layer (r2 = 0.75, n = 56). In contrast, there was no apparent seasonal cycle in the concentration of Pseudo-nitzschia spp. cells in surficial sediments (Fig. 4B) . The apparent lack of a seasonal cycle in abundance in the top 2 mm of Unlike the shelf, a seasonal cycle in Pseudo-nitzschia abundance was not apparent in the Terrebonne Bay estuary data (Fig. 5A ). This environment is extraordlnarily variable, as indicated by the large changes in salinity over short time periods (Fig. 5B) , due primarily to changes in wind forcing and runoff rather than tides (Reed 1995 Pseudo-nitzschia spp. were found in high numbers over the entire salinity range (Fig. 6A) . Although the highest numbers tended to occur at intermediate salinities and the lowest numbers at low salinities, this genus appeared to be extremely halotolerant. Similarly, Pseudo-nitzschia spp. are found over the full range of temperatures observed in this region (Fig. 6B) .
Because Pseudo-nitzschia spp, abundance was not normally distributed a n d often could not be transformed to fit a normal distribution (see 'Methods: Statistics'), 2 approaches were taken to examine the relationship between Pseudo-nitzschia spp. abundance a n d environmental conditions (Table 5) ; only data from the well-mixed estuary and the upper water layer (0 to 1 m) on the shelf were considered: (1) The environmental data for the upper water layer were separated into 2 groups, defined by the presence or absence of Pseudo-nitzschia spp. cells. Unlike Pseudo-nitzschia abundance, the environmental data either were normally distributed or could be transformed to fit a normal distribution. Student's t-test was used to compare the means of environmental data between the 2 groups (Table 5) . (2) Using the same data, 2 non-parametric methods of calculating correlation coefficients were used to examine the relationship between Pseudonitzschia spp. abundance and various environmental variables: Spearman's rank correlation coefficient and Kendall's tau, based on concordance. Almost identical results were obtained for the 2 correlation coefficients, so that only the Spearman's rank correlation coefficients are reported (Table 5) .
According to both approaches Pseudo-nitzschia spp. abundance is negatively related to Ao, ( "-test performed on transformed data (T = log(x t 0.1)
'DIN = nitrate t nitrite + ammonium (3, from surface to bottom), which is an approximation of the water column stability. The observed positive relationship with salinity and negative relationship with temperature (Table 5) would be expected if decreased stability was a major factor determining abundance. Based on comparisons of latitude and longitude where Pseudo-nitzschia spp. were observed, they are more likely to occur in the western portion of the sampling area and somewhat offshore. Pseudonitzschia spp. abundance was significantly and negatively related to all nutrient concentrations, including nitrate and ammonium, separately, which are not shown. In general there were no differences in the measures of turbidity (transmittance and SPM) or light (Secchi disk depth) when Pseudo-nitzschia spp. were present or absent, but there was less data available for these analyses. Finally, abundance of total autrotophs was negatively related to abundance of Pseudonitzschia spp., because small cyanobacteria are especially abundant in summer (Dortch 1994) , when Pseudo-nitzschia spp. are not as likely to occur. For other variables, the 2 approaches gave different results.
DISCUSSION
Presence of Pseudo-nitzschia spp. in the northern Gulf of Mexico
Pseudo-nitzschia spp. are an abundant and often dominant diatom genus in Louisiana/Texas shelf waters. Maximum concentrations far exceed those reported for any other area (Villac et al. 1993b) . Their concentrations in the Terrebonne Bay estuary are considerably lower than in shelf waters; although often present, Pseudo-nitzschia spp, also do not dominate the diatom flora as they do on the shelf. Similar results were obtained in Galveston Bay, Texas (Fryxell et al. 1990 ).
At present 3 species have been identified in this region: Pseudo-nitzschia multiseries (Fryxell et al. 1990) , which is usually considered toxic, P, pungens (Fryxell et al. 1990) , which is considered non-toxic, and P. pseudodelicatissima (this study), which is sometimes toxic (Martin et al. 1990 ). Fryxell et al. (1990 Fryxell et al. ( , 1991 have hypothesized that there may be a suite of Pseudonitzschia spp. present in this area with differing growth requirements and toxicities. In particular temperature appears to be a major factor determining species composition (Fryxell et al. 1990 , Villac et al. 1993b , Hasle & Syvertsen 1996 .
Role of environmental factors
On the shelf there is a clear seasonal cycle in both Pseudo-nitzschia spp. abundance and vertical flux, with a large peak in the spring and a smaller peak in the fall. The spring peak corresponds with the average maximum in river flow (Boyles & Humphrles 1994) . However, during the study period river flow peaked as early as January or as late as June and was often characterized by a series of maxima. Moreover, the fall bloom of Pseudo-nitzschia spp. always occurred during a period of low flow. Thus, riverine inputs alone cannot explain the seasonal cycle of Pseudo-nitzschia spp.
Another characteristic of the spring and fall periods is the passage of frontal systems and storms which, at least for a short time, break down the stratification, as indicated by data obtained from the instrument array on the mooring . Since Pseudo-nitzschia spp. are present when stability is lower (Table 5) , mixing events may be an important mechanism in resupplying nutrients to the surface layer. Despite high nutrient inputs from the river, high nutrient concentrations are usually only observed near the river mouth, nutrient concentrations over the rest of the shelf can be quite low, and regenerated nutrients are surprisingly important (Turner & Rabalais 1991 , Cotner & Gardner 1993 , Bode & Dortch 1996 . In the spring, the passage of fronts results in upwelling and corresponding increases in surface nutrients and chlorophyll (Dagg 1988) . In the fall, mixing events would advect nutrient rich water from the hypoxic zone below the pycnocline (N. N. Rabalais, R E. Turner & W J Wiseman Jr unpubl. data) up into the nutrient-depleted surface layer. Elsewhere, indirect evidence indicates that nutrient inputs stimulated the development of blooms of Pseudo-nitzschia spp. (Buck et al. 1992 , Smith et al. 1993 , Lange et al. 1994 .
While the timing of Pseudo-nitzschia spp. blooms in the Louisiana/Texas coastal zone suggests nutrient stimulation, the significant negative relationship between Pseudo-nitzschia spp. presence and all nutrient concentrations would appear to argue against it (Table 5 ). In the field, highest cell numbers are often associated with the lowest nutrient concentrations. Thus, it may be difficult to establish a relationship between abundance and nutrients, based only on nutrient concentrations, when the critical processes of species-specific nutrient uptake and growth cannot be measured. In mixed species cultures, P. multiseries (formerly P. pungens f. multiseries, Hasle 1995) tended to dominate under low light and at relatively low Si/N ratios (Sommer 1994) , and in single species cultures, it grew well with all N sources except ammonium (Hillebrand & Sommer 1996) .
The other difficulty is that a suite of species is being treated as a single entity. The very broad salinity and temperature ranges over which Pseudo-nitzschia spp. were observed suggest there is more than 1 species present. Autoecological studies with isolates from a variety of areas indicate that individual species/clones have much narrower temperature and salinity preferences (Fryxell et al. 1990 , Reap 1991 , Jackson et al. 1992 , Hasle & Syvertsen 1996 . It is likely that they will also have different nutrient requirements. Consequently, it will be necessary to identify the species present in all field samples in order to fully understand how environmental conditions affect the abundance of the Pseudo-nitzschia group and, thus, the potential for toxic events.
Historical data and eutrophication
Nitrogen and phosphorus inputs to the coastal zone from the Mississippi and Atchafalaya rivers have increased since the 1950s (Turner & Rabalais 1991) . This has led to increasing eutrophication in the coastal zone, as indicated by increased biogenic silica deposition in sediment cores (Turner & Rabalais 1994 , Rabalais et al. 1996 . Eutrophication has also increased in several Louisiana estuaries (Rabalais et al. 1995 , 1996 , Parsons 1996 . If there is a link between nutrient availability and Pseudo-nitzschia spp. abundance, then abundance should have increased both on the shelf and in estuaries, at least in proportion to diatom abundance. Further, Si inputs have decreased substantially as N inputs have increased, decreasing the Si/N ratio of riverine nutrient input by a factor of 4 (Turner & Rabalais 1991) . Since mixed species culture experiments indicate that P, multiseries (formerly Nitzschia pungens f. multiseries, Hasle 1995) dominates when Si/N ratios are low (Sommer 1994), the relative abundance of Pseudo-nitzschia spp. in comparison with total diatoms may have also increased.
Pseudo-nitzschia spp. have been observed in this area since the earliest studies in the 1950s and have been identified as Nitzschia pungens, N. pungens var Atlantica, and N. seriata. They have been observed in estuaries, such as Barataria Bay, Louisiana (Day et al. 1973 , Hart 1979 ), Bay St. Louis, Mississippi (Housely 1976 , Lake Calcasieu, Louisiana (Maples et al. 1982 , 1983 , Fay & Schnitzer 1984 , and Galveston Bay, Texas (Fryxell et al. 1990 ) and on the northern Gulf of Mexico shelf (Simmons & Thomas 1962 , Housely 1974 , Fucik & El-Sayed 1979 Thomas (1962) conducted their sampling to the east of the Mississippi River delta, whereas sampling in this study has focused primarily on the region to the west of the delta. Further, they did not sample during April when the peak in Pseudo-nitzschia spp. abundance was observed in 1990 . Fucik & El-Sayed (1979 sampled phytoplankton on 12 cruises from January 1972 to January 1974 at 2 stations near the present moorlng site. During that period, the relative abundance of Pseudonitzschia spp. to the total phytoplankton ranged from 0 to l ? % , with most of the values < l %. Most of the species reported by Fucik & El-Sayed (1979) were diatoms, so their % abundance based on total phytoplankton is equivalent to that based on diatoms presented here. In the present study, the % abundance of Pseudo-nitzschia spp. at the mooring site relative to diatoms ranged from 0 to 100% and averaged 10%. Consequently, the published historical data, especially those of Fucik & El- Sayed (1979) , support the hypothesis that Pseudo-nitzschia spp. have become more abundant. At the same time nutrient input and eutrophication have increased substantially (Turner & Rabalais 1991 , Rabalais et al. 1996 . The hypothesis that the increase in Pseudo-nitzschia abundance was related to increasing eutrophication requires rigorous testing, but is important because of the growing suspicion that harmful algal blooms are increasing worldwide as a result of coastal eutrophication (Anonymous 1995) .
The vertical flux of Pseudo-nitzschia spp. was extremely high. Maximum rates exceeded those in traps in Monterey Bay, California, by more than an order of magnitude, although the % abundance was not as great (Buck et al. 1992) . To put these fluxes in perspective, the abundance of Pseudo-nitzschia spp. can be integrated over depth at the mooring site for the upper and lower water layers and the daily flux over a specific period can be compared with the average integrated abundance for the same time period. On average 46 % of the Pseudo-nitzschia present in a particular water layer sank into that trap each day. However, the variability was high and the 76 trapped sometimes exceeded what was available in the overlying water column. This could be an artifact of the sampling because the data on concentrations in the water were usually only available for the days the traps were put in and taken out and undetected blooms could have occurred during the interim period. It could also be due to the horizontal advection of cells or by over-collection in the traps. Surficial sediments also contained substantial numbers of Pseudo-nitzschia. Because of the difficulty calculating short-term sedimentation rates, it is not possible to calculate a daily loss rate to the sediment.
Most of the sinking Pseudo-nitzschia did not occur in chains in either the traps or surficial sediments. Further, in 1991 there was a correlation between the % of cells in chains and the % of cells which were alive. This is consistent with the observations from clonal cultures isolated from the northern Gulf of Mexico that when cells ceased growing, the chains disassociated into single cells or doublets, sank to the bottom, and lost their color (Fryxell et al. 1990 ).
Threat posed by Pseudo-nitzschia spp. in the northern Gulf of Mexico
The exact distribution of toxic and non-toxic species has not been determined, but at least 2 potentially toxic species have been observed in the northern Gulf of Mexico. Toxic and non-toxic clones of Pseudonitzschia multiseries (formerly Nitzschia pungens f. multiseries) were isolated from Galveston Bay (Fryxell et al. 1990 ). Toxic clones were more likely to be isolated during cool months (Fryxell et al. 1990 ) and their growth requirements suggest they prefer lower temperatures (Reap 1991) . A bloom of P. pseudodelicatissima was identified by SEM at the mooring site in May 1993. This species has been identified as the source of domoic acid in the Bay of Fundy, Canada (Martin et al. 1990) .
It is critical to determine the species present on the shelf and their toxin production because of the extremely high numbers which are frequently encountered, especially in the spring. Moreover, environmental conditions may enhance toxin production if toxin-producing species are present. Despite high nutrient inputs, the surface waters become severely Sidepleted in the spring in comparison with summer , Smith & Hitchcock 1994 , Nelson & Dortch 1996 . Further, dissolved silicate/inorganic nitrogen ratios tend to be quite low in the upper water layer, indicating an excess of nitrogen. Such conditions in cultures enhance domoic acid production (Bates et al. 1991 , Bates & Douglas 1993 , Pan et al. 1996a . As a result, domoic acid production could be at its highest level when cell abundance is maximal. Domoic acid could enter both pelagic and benthic food chains on the shelf. The direct sinking into traps and surficial sediments makes the material available to an array of benthic organisms. Taylor (1993) hypothesized that Dungeness and rock crabs on the west coast of the USA and Canada became toxlc by consuming, either directly or indirectly, a Pseudo-nitzsch~a bloom that sank to the bottom. Along the Gulf coast, shrimp and demersal fish, such as drum, are the commercially harvested species that might acquire toxin from sinking Pseudo-nitzschia. The most likely pelagic grazers are large copepods, such as Eucalanus, which are major consumers of phytoplankton (Dagg 1995) , and menhaden, which are extremely abundant (Deegan & Thompson 1985) and fill the niche equivalent to anchovies on the west coast (E. M. Chesney pers. comm.). Because both are consumed by a variety of other organisms, the toxin could become widely distributed and ultimately affect humans and other consumers.
The maximum Pseudo-nitzschia spp. abundance in the estuary was 105 cells I-' . Although these abundances are much less than on the shelf, they are as high or higher than Pseudo-nitzschia spp. abundances that led to toxicity in blue mussels (Hanic 1989 , cited in Dickey et al. 1992 ) and anchovies/seabirds (Garrison & Walz 1993) . Further, these samples were taken 0.3 m above oyster beds in a region with a substantial oyster industry (Dugas et al. 1982) . Oysters accumulate toxin, although perhaps not to the high levels observed in blue mussels (Roelke 1993) . Identification of the species of Pseudo-nitzschia and measurement of domoic acid in phytoplankton, oysters, and other higher trophic levels are essential in assessing the potential risk.
